Pure cultures of the symbiotic cyanobacterium-bryophyte association with Anthoceros punctatus were reconstituted by using Nostoc sp. strain UCD 7801 or its 3-(3,4-dichlorophenol)-1,1-dimethylurea (DCMU)-resistant mutant strain, UCD 218. The cultures were grown under high light intensity with CO2 as the sole carbon source and then incubated in the dark to deplete endogenous reductant pools before measurements of nitrogenase activities (acetylene reduction). High rates of light-dependent acetylene reduction wpre obtained both before starvation in the dark and after recovery from starvation, regardless of which of the two Nostoc strains was reconstituted in the association. Rates of acetylene reduction by symbiotic tissue with the wild-type Nostoc strain decreased 99 and 96% after 28 h of incubation in the dark and after reexposure to light in the presence of 5 ,IM DCMU, respectively. Supplementation of the medium with glucose restored nitrogenase activity in the dark to a rate that was 64% of the illuminated rate. In the light and in the presence of 5 ,uM DCMU, acetylene reduction could be restored to 91% of the uninhibited rate by the exogenous presence of various carbohydrates. The rate of acetylene reduction in the presence of DCMU was 34% of the uninhibited rate of tissue in association with the DCMU-resistant strain UCD 218. This result implies that photosynthates produced immediately by the cyanobacterium can supply at least one-third of the reductant required for nitrogenase activity on a short-term basis in the symbiotic association. However, high steady-state rates of nitrogenase activity by symbiotic Nostoc strains appear to depend on endogenous carbohydrate reserves, which are presumably supplied as photosynthate from both A. punctatus tissue and the Nostoc strain.
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Certain filamentous cyanobacteria form terminally differentiated cells termed heterocysts which are specialized for oxygen-sensitive nitrogen fixation in an aerobic environment. Heterocysts maintain a low intracellular oxygen tension in part by the absence of a functional 02-evolving photosystem 11 (1) , the presence of a respiratory 02 uptake system (8, 16) , and the presence of 02 diffusion barriers in their unique envelope (16) . Since heterocysts possess photosystem I, the ATP required for nitrogen fixation may be provided by cyclic photophosphorylation in the light or by oxidative phosphorylation in the dark (4) . The reductant for both nitrogenase activity and oxidative electron transport is derived from the photosynthates of neighboring vegetative cells, possibly transferred in the form of sucrose (24) . The carbohydrate is metabolized and reduced pyridine nucleotides are generated in heterocysts primarily by the oxidative pentose phosphate pathway (32) .
Heterocyst-forming, nitrogen-fixing cyanobacteria of the genus Nostoc also form symbiotic associations with fungi in lichens and with representatives of the major phylogenetic groups of plants (21) . Although cyanobacteria are characterized by their oxygenic photoautotrophic mode of growth, when in association with bryophytes (29) , the water fern Azolla species (22) , cycads (10) , and the angiosperm Gunnera species (25) , the symbiotic cyanobacteria are reported to be incapable of complete photosynthesis. The symbiotically associated cyanobacteria are hypothesized to receive reduced carbon from the eukaryotic partner to sustain their nitrogenase activity (30) . In support of this hypothesis, Stewart and Rodgers (29) demonstrated that photosynthates can be transferred from illuminated sporophytes of the bryophyte Anthoceros punctatus to its cyanobacterial symbiont by measuring light-dependent nitrogenase activity (acetylene reduction) in artificially darkened Nostoc sp.-containing gametophyte tissue. However, we have recently shown that symbiotic Nostoc sp. strain UCD 7801 is capable of significant light-dependent carbon dioxide fixation immediately after separation from A. punctatus tissue in laboratory cultures of the reconstituted association (28) . The primary question asked in this study is whether a symbiotically associated Nostoc strain can utilize its own photosynthate in situ to support nitrogenase activity.
We have used the bryophyte A. punctatus as the eukaryotic partner, because its symbiotic association can be reconstituted in pure culture with a variety of wild-type and mutant strains of Nostoc spp. (6) . The association was reconstituted for these experiments with Nostoc sp. strain UCD 7801 or a mutant strain derived from it that is resistant to the photosynthetic inhibitor 3-(3,4-dichlorophenol)-1,1-dimethylurea (DCMU). The results of acetylene reduction experiments with these two strains indicate that symbiotically associated Nostoc strains can directly provide at least 34% of the reductant required for in situ nitrogenase activity.
We present further evidence that a variety of exogenously supplied carbohydrates can serve as sources of reductant to support nitrogenase activity in whole-tissue samples both in the light and in the dark. In situ acetylene-reducing activities per colony were normalized to an estimate of 1.4 x 10-4 and 5.5 x 10-4 mg of cyanobacterial protein per symbiotic colony in high-and low-light-grown tissues, respectively. These values were derived from protein determinations made by the method of Lowry et al. (12) from 8 cell extracts of a total of 847 colonies grown under high-light conditions and 32 cell extracts of 1,511 colonies grown under low-light conditions. These cell extracts were from symbiotic Nostoc colonies after the colonies had been isolated, counted, and disrupted by sonication as previously described (28) . The protein content of free-living Nostoc cultures was determined with the same method on cells lysed by sonication (28) . Table 2 ; see Fig. 1 and 2 for post-darkincubation rates).
RESULTS
The rates of acetylene reduction by Nostoc sp. strains UCD 7801 and UCD 218 in association with A. punctatus, grown at high light intensity and incubated in the absence of DCMU, were not significantly different; therefore, the values normalized to gFW, were combined for analysis in Tables 1 and 2 . The mean value (+ SE) for the combined specific activity of the two associated strains grown at high light intensity and normalized to our determination of 0.14 ,ug of cyanobacterial protein per symbiotic Nostoc colony was 185.7 + 9.8 nmol min-1 mg of protein` (Table 1) . This normalized rate is approximately 35-and 8-fold higher than the maximal photoautotrophic and photoheterotrophic rates, respectively, of acetylene reduction by free-living Nostoc sp. strain UCD 7801, grown and assayed under high light intensity (see Table 3 ). The specific nitrogenase activity of low-light-grown tissue, normalized to our determination of 0.55 ,ug of cyanobacterial protein per colony, was 23.5 ± 1.2 nmol min-1 mg of protein-', which is about eightfold lower than the smaller colonies in high-light-grown tissue (Table 1) . Even the specific activity of low-light-grown tissue is substantially higher than the rates reported for cyanobacteria in association with cycads (9), Azolla species (23), and Gunnera species (25) . The increase in symbiotic activity is considerably greater than the increase in symbiotic heterocyst frequency (about 8% of the cells in free-living culture compared with 45% in symbiosis [6] , of which about half of the symbiotic heterocysts have the structural integrity of a functional heterocyst [14] ).
Photoautotrophic support of nitrogenase activity. After 28 h in the dark, 25 to 40 h of illumination was required to restore acetylene reduction to a steady rate in associations with either Nostoc strain ( Fig. 1 and 2 ). Experiments to determine whether Nostoc strain-generated photosynthate contributed to the recovery and maintenance of nitrogenase activity were done by employing A. punctatus tissue reconstituted with the DCMU-resistant strain UCD 218.
DCMU blocks electron transport from the photosystem II reaction center complex in oxygenic phototrophs by hindering the binding of quinone to a site on the 32-kDa protein (Dl protein) in the complex (3, 13) . The presence of 5 ,uM DCMU nearly eliminates light-dependent 02 evolution and CO2 fixation by free-living Nostoc sp. strain UCD 7801 (28) , and it completely inhibits photosynthetic processes in pure cultures of symbiont-free A. punctatus (28) . When incubated in the light in the presence of DCMU, after starvation in the dark and in the absence of any other supplementation of the medium, there was a 97% or greater inhibition of nitrogenase activity in free-living Nostoc sp. strain UCD 7801 (see Table  3 ) and symbiotic tissue reconstituted with it (Table 2; see Fig. 2 ). Acetylene reduction by strain UCD 218 was unaffected by the presence of DCMU when grown in the freeliving state in the presence of DCMU (data not shown). In the symbiotic association reconstituted with DCMU-resistant strain UCD 218, light-dependent acetylene reduction in the presence of DCMU after dark incubation was 34% of the uninhibited rate (Table 2 ). This rate was about 10-fold higher than the rate of the association with wild-type Nostoc sp. strain UCD 7801 in the presence of DCMU.
Photoheterotrophic support of nitrogenase activity. The A. punctatus association with the wild-type Nostoc sp. strain UCD 7801, incubated in the light in the absence and presence of DCMU after starvation in the dark, was used to examine photoheterotrophic support of nitrogenase activity. The presence of glucose in the medium shortened the period necessary for full recovery from starvation in the dark by the wild-type association to less than 24 h, but it did not affect the final steady rate (Fig. 1) . Acetylene-reducing activity was restored to 91% of the uninhibited rate in the presence of 5 puM DCMU and 100 mM glucose, fructose, or sucrose (Table  2 ; Fig. 2) . Maltose supported only a low level of acetylene reduction in the presence of DCMU (Fig. 2) . Exogenously supplied dicarboxylic acids, such as succinate, malate, and fumarate (at 30 mM, pH 7.0) did not restore any level of activity (data not shown).
Photoheterotrophic activity was also examined in cultures of free-living Nostoc sp. strain UCD 7801 that were starved in the dark and then reilluminated under high-light conditions (Table 3) . These cultures had a rate of acetylene reduction in the presence of 5 p.M DCMU and 100 mM glucose that was 4-fold higher than that of cultures with no supplements and 155-fold higher than that of cultures incubated in the presence of DCMU without any other supplement (Table 3 ). In the absence of DCMU, there was no apparent effect by exogenous glucose on the light-dependent rate of acetylene reduction by Nostoc sp. strain UCD 7801. Such a strong enhancement of nitrogenase activity by exogenous carbohydrate in the presence of DCMU has not been observed in other cyanobacteria, whether cultured from symbiotic association (31) or as a nonsymbiont from an unknown source (20) . The high concentration (100 mM) of carbohydrate we utilized is atypical; cultures are generally supplemented with 1.4, 14, or 40 mM fructose or up to 28 mM glucose (8, 20, 31) .
Chemoheterotrophic support of nitrogenase activity. After 28 h of incubation in the dark, the rate of acetylene reduction Fig. 1 ). Addition of 100 mM glucose to the medium resulted in a stimulation of the rate of acetylene reduction in the dark to a level that was 64% of the light-dependent activity ( Table 2 ). The stimulation of the rate in the dark was complete within 10 h after the addition of glucose and remained constant for at least another 40 h (Fig. 1) . We do not know whether the apparent limitation in the dark is a consequence of active transport of the carbohydrate by either symbiotic partner, transfer from Nostoc sp. strain UCD 7801 vegetative cells into heterocysts, or electron supply to both nitrogenase and coupled oxidative electron transport.
A 6-h starvation in the dark of free-living, high-light-grown Nostoc sp. strain UCD 7801 cultures resulted in a greater than 99% decrease in the light-dependent rate of acetylene reduction (Table 3) . Supplementation of the starved cultures in the dark with 100 mM glucose completely restored the light-dependent rate of acetylene reduction in the dark (Table 3 ). This result implies that Nostoc sp. strain UCD 7801 has a high heterotrophic potential. Nevertheless, heterotrophic growth in the dark is at least four-to fivefold slower than photoautotrophic growth (data not shown).
DISCUSSION
The results of in situ experiments using the symbiotic association of A. punctatus reconstituted with the DCMUresistant mutant Nostoc sp. strain UCD 218 or the wild-type strain UCD 7801 as a control incubated in the light in the presence of DCMU ( Table 2 ) clearly establish that a symbiotic Nostoc strain can use its own immediately generated photosynthate to support nitrogenase activity. These results confirm our report of photosynthetic competence by Nostoc strains when in the A. punctatus association (28) and are in contrast to reports that cyanobacteria in symbiotic associations, other than those involving lichens, are incapable of complete photosynthesis (30) .
The amount of DCMU-resistant acetylene-reducing activity by symbiotic Nostoc sp. strain UCD 218 was about 34% of the maximal uninhibited light-dependent rate (Table 2) ; however, this could be an underestimate. When strain UCD 218 is grown as a free-living culture in the absence of DCMU, its photosynthetic rate is inhibited 86% by the presence of 5 ,uM DCMU, in contrast to 27% inhibition when grown with 10 ,uM DCMU (28) . This conditional phenotype is characteristic of differential expression of unaltered and altered genes of the psbA multigene family in the absence or presence of DCMU (5) . When grown in the absence of DCMU in symbiotic association with A. punctatus, however, the photosynthetic rate of isolated colonies was inhibited only 57% by DCMU, compared with a 99% inhibition of wild-type Nostoc sp. strain UCD 7801 (28 partial expression of the mutated gene during symbiotic growth; complete expression of the mutated gene presumably would have resulted in greater DCMU resistance and no expression would result in wild-type characteristics (28) . The rate of acetylene reduction by the association with Nostoc sp. strain UCD 218 in the presence of DCMU might also be greater, at least during the short time period of these experiments, if complete expression of the mutated psbA gene were to occur in symbiosis.
DCMU inhibition of acetylene reduction in the association with wild-type Nostoc sp. strain UCD 7801 could be observed only after incubation in the dark in the absence of organic carbon. The need for prolonged dark starvation indicates that Anthoceros-Nostoc tissue maintains a substantial pool of endogenous carbon reserves when grown with CO2 as the sole carbon source under near-natural light conditions on a diel cycle. The steady rate of DCMUinsensitive acetylene reduction by associated strain UCD 218 was attained within 5 h of illumination following 33 h of starvation in the dark (27) . In contrast, more than 25 h of illumination following starvation in the dark was required before the maximal rate of acetylene reduction was recovered in associations with either Nostoc strain in the absence of DCMU (Fig. 1) . The times necessary to attain steady rates in the light or dark were shorter when glucose ( Fig. 1 and 2 ) or any other carbohydrate (data not shown) was present. These results support the idea that endogenous carbon reserves, rather than photosynthate produced immediately, normally provide reductant for nitrogenase activity in the Anthoceros-Nostoc association. It would appear that the carbon reserves could come from photosynthetic activities of both A. punctatus and the Nostoc strains. The observations that the rate of acetylene reduction by free-living cultures of Nostoc sp. strain UCD 7801 was highest in the presence of DCMU and 100 mM glucose and that the rate in the dark in the presence of 100 mM glucose was equal to the uninhibited light rate (Table 3) indicate a substantial capacity for heterotrophic carbon metabolism by this strain. This heterotrophic capacity is consistent with supply of reduced carbon from the eukaryotic partner.
Both the dependence on glucose, fructose, or sucrose for both dark-incubated (heterotrophic) and light-incubated, DCMU-inhibited (photoheterotrophic) acetylene reduction by symbiotic Nostoc sp. strain UCD 7801 and the lack of stimulation by dicarboxylic acids are similar to results with free-living cultures (31) and isolated heterocysts (2, 11) . The results differ only in the equal effectiveness of the three carbohydrates; often one carbohydrate is more effective in supporting heterotrophic activity than another (26) . The degree to which dark-incubated acetylene-reducing activity of symbiotic Nostoc sp. strain UCD 7801 was stimulated by exogenous carbohydrates is similar to that reported for free-living Nostoc sp. strain ATCC 27895 (formerly Anabaenopsis circularis) and Anabaena cylindrica (4). These collective results are consistent with the hypothesis that there are no major differences in the routes of metabolism of exogenous carbon in symbiotically associated Nostoc strains, relative to free-living cyanobacteria.
It appears that the nitrogenase activity of the symbiotic Nostoc strains can vary, depending on the growth conditions of the association. The Anthoceros-Nostoc association can be reconstituted in the presence of ammonium, but the resulting Nostoc colonies are considerably smaller than those reconstituted in the absence of ammonium and they have a very low rate of acetylene reduction (6) . Treatment of liquid cultures of the reconstituted association with penicillin results in an approximate 3-week delay in reinfection to give new Nostoc colonies in the growing A. punctatus gametophyte tissue (6) . However, the rate of acetylene reduction per gFW of penicillin-treated A. punctatus tissue remains constant and comparable to tissue not treated with penicillin, while the rate per Nostoc colony increases as colony biomass increases (6) . These results were obtained with Anthoceros-Nostoc tissue grown under low light intensity with 28 mM glucose. Anthoceros-Nostoc cultures grown under high light intensity also resulted in a lower number of Nostoc colonies per gFW of gametophyte tissue. In this instance, however, the nitrogenase activity per colony was twofold greater, while the colony biomass was lower; consequently, the specific nitrogenase activity increased approximately eightfold (Table 1) . We currently have no knowledge of the mechanisms that regulate the size of Nostoc colonies in A. punctatus tissue or the extent of nitrogenase expression, but we speculate that the environmental signals are modulated through A. punctatus metabolic products.
The nitrogenase specific activity by Nostoc sp. strain UCD 7801 in symbiotic association grown under high light intensity is approximately 35-fold higher than the activity of corresponding free-living cultures. The activity in free-living cultures is proportional to the growth rate of Nostoc sp. strain UCD 7801 (27) and about two-to sixfold lower than activities reported for correspondingly faster-growing Anabaena strains (7, 17, 19) . The rate of acetylene reduction in symbiotic association, in which Nostoc sp. strain UCD 7801 has a generation time of about 10 days (14), however, is approximately fourfold higher than the rate of a marine Anabaena strain that has a generation time of about 5 h (7). In the A. punctatus association, 80 to 90% of the fixed nitrogen is released as ammonium for assimilation by the eukaryotic partner (15) . These two observations imply that symbiotically associated Nostoc strains must have a considerably higher rate of carbon catabolism to support nitrogenase activity than any free-living culture and that the catabolic route must be cyclic because the metabolic demand for carbon skeletons (primarily 2-oxoglutarate; 32) to assimilate fixed nitrogen is minimal.
